Isoprene and monoterpenes are important precursors of secondary organic aerosols (SOA) in continents. However, their contributions to aerosols over oceans are still inconclusive. Here we analyzed SOA tracers from isoprene and monoterpenes in aerosol samples collected over oceans during the Chinese Arctic and Antarctic Research Expeditions. Combined with literature reports elsewhere, we found that the dominant tracers are the oxidation products of isoprene. The concentrations of tracers varied considerably. The mean average values were approximately one order of magnitude higher in the Northern Hemisphere than in the Southern Hemisphere. High values were generally observed in coastal regions. This phenomenon was ascribed to the outflow influence from continental sources. High levels of isoprene could emit from oceans and consequently have a significant impact on marine SOA as inferred from isoprene SOA during phytoplankton blooms, which may abruptly increase up to 95 ng/m 3 in the boundary layer over remote oceans.
S econdary organic aerosols (SOA) are produced from atmospheric reactions of anthropogenic and biogenic volatile organic compounds (VOCs) with oxidants like ozone (O 3 ), nitrogen oxides (NO x ) and OH radicals [1] [2] [3] [4] . As an important component of atmospheric aerosols, SOA affects air quality and earth's radiation budget by scattering and absorbing sunlight and acting as cloud condensation nuclei (CCN) 1, 5 . A recent study in the Amazon discovered that SOA serves as CCN by condensing on primary biological aerosols instead of by forming new particles 6 . Biogenic VOCs (BVOCs) are identified as dominant global SOA precursors over anthropogenic VOCs 7, 8 . On the global scale, isoprene and monoterpenes are main BVOCs and have important contribution to SOA 9 . Emissions of isoprene and monoterpenes from oceans had also been discovered 10, 11 . However, the contributions of oceanic isoprene and monoterpenes to marine aerosols were debatable. Meskhidze and Nenes 12 suggested that SOA formed by the oxidation of isoprene emitted by phytoplankton could significantly affect the chemical composition and number of marine CCN. However, later model studies deemed that oceanic isoprene and monoterpenes did not have a remarkable influence on marine aerosols, because the estimated emissions were much less than other BVOCs like dimethylsulphide (DMS) [13] [14] [15] . Nevertheless, there are great uncertainties about the estimation of global BVOCs emissions. For instance, estimated global oceanic isoprene emissions by ''topdown'' methods were two orders of magnitude higher than those by ''bottom-up'' methods 16 . Moreover, biogenic SOA over oceans can be produced by the oxidation of BVOCs emitted from oceans, or transported from continents, which should be considered when evaluating the contribution of marine BVOCs to SOA.
Some special SOA tracers can assist in obtaining the information of precursors and SOA formation processes. For instance, pinic acid and pinonic acid as monoterpene SOA tracers were discovered in many places 2, 5, [17] [18] [19] [20] .
Despite its large emission, isoprene was deemed to be a negligible SOA precursor for a long time because of the high vapor pressure of its discerned productions 21 , until Claeys, et al. 1 found 2-methyltetrols (2-methylthreitol and 2-methylerythritol), SOA tracers for isoprene, in the Amazon rain forest. From then on, 2-methyltrols and other isoprene SOA tracers like 2-methylglyceric acid were successively detected in many sites, such as Finland th Chinese Antarctic Research Expedition (CHINARE 09/10), we collected aerosol samples in the marine boundary layer from the Arctic to the Antarctic, across more than 150u latitudes. Via these samples, this study provides information on the chemical compositions and spatial distribution of isoprene and monoterpene SOA tracers over a large latitudinal range, especially in the Antarctic where the influence of continental ecosystems is negligible. Moreover, this study also estimates secondary organic carbon (SOC) from isoprene and monoterpenes over oceans. Table 1 , all types of SOA tracers varied with a wide range during the two cruises. The average values were higher than median values due to the existence of samples with especially high tracer concentrations. The abbreviations of the tracers are listed in Table 1 . The sum of isoprene SOA tracers ranged from 0.018 to 36 ng/m 3 , with an average of 8.5 6 11 ng/m 3 . The sum of monoterpene SOA tracers ranged from 0.045 to 20 ng/m 3 , with a mean of 3.0 6 5.0 ng/m 3 . The average levels of marine isoprene and monoterpene SOA tracers were one to two orders of magnitude lower than those in continental samples, while the maximum levels were close to those over the continents 17, 18, 27 . Based on 5-day air mass back trajectories (BTs), our samples were split into three groups: ocean origin (OO), land origin (LO) and Antarctic origin (AO). Air mass of OO samples only transported over oceans during the past 5 days, whereas air mass of AO and LO samples passed through continental Antarctica and other continents, respectively. As presented in Figure 1 , the concentrations of all types of SOA tracers in the LO samples were much higher than those in the OO samples and the AO samples, indicating significant influence of continental sources on SOA over oceans. The spatial distribution and composition of isoprene and monoterpene SOA tracers are discussed respectively in the following sections.
Results

As summarized in
Isoprene SOA tracers. The results were listed in Table 2 and shown Figure 2a . In order to make a comparative study, the literature reports over oceans up to date, including two cruises in the Northern Hemisphere 25, 26 , were also summarized together. The sum of isoprene SOA tracers in the Northern Hemisphere (14 6 11 ng/m 3 ) was much higher than that in the Southern Hemisphere (3.3 6 6.4 ng/m 3 ). The BTs indicated that most samples in the Northern Hemisphere were affected by continents, including samples collected over the Arctic Ocean; while 64% of samples in the Southern Hemisphere belonged to the OO or AO samples. The concentrations over the west North Pacific were much higher than those from the round-the-world cruise 25 ( Table 2) . This difference was likely associated with the seasonal variations of primary productivity. The round-the-world cruise samples were collected in autumn, winter and early spring, while our samples were collected in summer when the emissions of BVOCs increased greatly owing to the peak primary productivity. As this region is notably affected by continents, enhanced input of SOA from adjacent lands resulted in higher concentrations in our samples. The highest levels of isoprene SOA tracers were found in the middle latitudes of the Northern Hemisphere (30uN-60uN), with a mean of 25 6 7.7 ng/m (Table 2 ). However, isoprene SOA tracers in most samples collected in the middle (60uS-30uS) and high latitudes (90uS-60uS) of the Southern Hemisphere were one to two orders of magnitude lower than those in the other regions. This is probably due to the small land area in the middle latitudes and the lack of higher plants in the continental Antarctica. Nonetheless, Sample N33 (Table S1) collected over the South Indian Ocean had high-level isoprene SOA tracers, the concentrations of which are similar to those of samples in coastal regions (Figure 2a ). It may be caused by more oceanic emission due to the enhanced sea-air exchange in the westerlies.
Among the measured isoprene SOA tracers, MTLs were the dominant species (7.3 6 9.3 ng/m 3 ) and accounted for 79 6 22% of all the tracers, followed by MGA (0.79 6 1.5 ng/m 3 ). The average concentration of C 5 -alkentriols was 0.37 6 0.72 ng/m 3 . This composition Table 1 for abbreviations of the tracers. 26 was not compared here because four tracers (3-(2-hydroxyethyl)-2,2-dimethylcyclobutanecarboxylic acid, 3-acetylglutaric acid, 3-acetyladipicacid and 3-isopropylglutaric acid) counted in the sum of monoterpene SOA tracers in the reference were not measured in this study.
www.nature.com/scientificreports was similar to previous results over most oceans during the roundthe-world cruise and the southern Beaufort Sea where MTLs were the predominant isoprene SOA tracers 25, 26 . 28 . Furthermore, the formation of MGA is enhanced in the particulate phase under low relative humidity (RH); while different RH does not cause obvious difference in MTLs productivities 29 .
Marine atmosphere is normally in low-NO x conditions with mixing ratios of below 100 pptv 30 , and high-RH conditions, so it favors the formations of MTLs instead of MGA. NO x levels are much higher over continents than over oceans due to anthropogenic and natural emissions such as fossil fuel combustion and biomass burning 31, 32 , as such the ratios for the LO samples were higher than those for the OO samples. Despite the lack of local air pollution, NO x mixing ratios could reached up to 1000 pptv 33 over the Antarctic inland, because of the emissions from photochemical reactions in snow [33] [34] [35] . Air mass from the continental Antarctica brought high levels of NO x and caused high MGA/MTLs ratios of the AO samples. However, despite these levels being significantly higher than those over oceans, it was much less than those over continents (tens of pptv) [36] [37] [38] . Change in NO x level cannot fully explain the relative high MGA/MTLs ratios of the AO samples, which may be impacted by other factors as well. It has been found that MTLs yields are positive correlated with ambient temperature, while MGA yields present no significant difference with varied temperature 39 . Cold conditions in the Antarctic may cause the decreased productivities of MLTs, and then yielded higher MGA/ MTLs ratios of the AO samples than those of the LO samples.
Monoterpene SOA tracers. Similar to isoprene SOA tracers, the sum of monoterpene SOA tracers in the Northern Hemisphere (5.8 6 6.0 g/m 3 ) was one order of magnitude higher than that in the Southern Hemisphere (0.31 6 0.48 ng/m 3 ). As shown in Table 2 and Figure 2b , the middle latitudes of the Northern Hemisphere had the highest monoterpene SOA concentrations (11 6 5.2 ng/ m 3 ), followed by the high latitudes of the Northern Hemisphere (2.0 6 1.8 ng/m 3 ). Different with the isoprene SOA tracers, concentrations of monoterpene SOA tracers in the low latitudes were very low in this study.
Among the measured monoterpene SOA tracers, HGA was the dominant species (1.2 6 2.2 ng/m 3 ) and accounted for 47 6 28% of all the tracers. It was followed by MBTCA (0.97 6 1.9 ng/m 3 ) and HDMGA (0.56 6 1.3 ng/m 3 ). The fact that HGA played as the main monoterpene SOA tracer was also found in previous studies, including over both oceans 25 and continents 5, 17, 19, 24, 27 . According to previous studies, PNA and PA could be further photodegraded to MBTCA 27, 40 . Therefore, the compositions of monoterpene SOA tracers may reflect seasonal variations. PNA and PA were not detected in Hong Kong in summer, while MBTCA showed a high level 19 . MBTCA was the dominant monoterpene SOA tracer during summer, and PNA and PA were the dominant species during fall-winter in the Pearl River Delta 27 . In this study, most of our samples were collected in summer. The ratios of MBTCA/(PNA 1 PA) varied with a wide range during our cruises, with a median value of 0.70 and an average value of 2.6. High levels of the ratio were found mostly in the high and middle latitudes because of the long day length there in the summer.
According to previous studies, the emission factor of isoprene is much higher than that of monoterpenes 8, 41 , while the SOA yield from monoterpenes is 16 times higher than that from isoprene 42 . As such, in different areas the quantitative relationship of the two types of SOA tracers is quite different. Monoterpenes were the dominant SOA precursors in Hong Kong 19 , the US 17,24 and the Arctic 5 ; while isoprene was the major one in the Pearl River Delta 27 . During the round-the-world cruise, isoprene SOA tracers were dominant over most oceans of the Northern Hemisphere, except for the North Atlantic and Western North Pacific 25 . During our cruises, isoprene was the predominant precursor over most oceans, too. The mean ratio of monoterpene SOA tracers to isoprene SOA tracers was 0.57 6 0.73, with a median level of 0.35. Higher concentrations of monoterpene SOA tracers than isoprene SOA tracers were observed in Samples N14, N18, N20, N29 and N30, which were collected over coastal regions of Antarctica (including Drake Passage) and Sample B30 collected over the Bering Sea (Table S1 ). The emission ratio of monoterpenes to isoprene might increase in these regions. During a ship-board study on the Southern Atlantic Ocean 11 , the concentrations of monoterpenes in some regions were just slightly less than isoprene. It might be related to the distinct phytoplankton compositions in different oceans 11 .
Discussion
For SOA over oceans, previous studies focused more on methanesulfonic acid (MSA) formed by the oxidation of dimethyl sulfate (DMS) and dimethyl-and diethylammonium salts (DMA 1 and DEA 1 ) originating from biogenic amines 43, 44 . Knowledge about the contributions of isoprene and monoterpenes to SOA over oceans is limited and controversial. SOA or SOC originating from isoprene and monoterpenes can be estimated by the tracer-based approach . Spatial variations were also noted. Isoprene and monoterpene SOAs over coastal regions, where air mass was directly affected by continents, displayed a high level. As the short lifetimes of isoprene and monoterpenes 45 and the high SOA yield, especially for monoterpenes 16 , they were probably oxidized over continents and then transported as particulates.
Isoprene SOA estimated by the tracer-based approach in most samples over remote oceans without phytoplankton blooms both in the low latitudes 25 and the high latitudes was below 5 ng/m 3 , with an average of about 3 ng/m 3 ; while monoterpene SOA was below 4 ng/m 3 , with a mean of about 1 ng/m 3 . These regions are not directly influenced by continents, and these selected samples belonged to the OO or AO samples, so the SOAs were derived from oceans. If we apply the average levels of SOAs over remote oceans, 4-7 days as the lifetimes of tropospheric particles 46 , 600-1000 m as the boundary layer height 12 , the isoprene SOA yield of 2% and the monoterpene SOA yield of 32% 42 , the estimated sea-air fluxes are 13 ). Unlike previous estimates based on marine chlorophyll-a concentrations [13] [14] [15] [16] , this study calculated the emissions using the measured oxidation products of isoprene and monoterpenes. Since our estimates were obtained over remote oceans without blooms while coastal regions usually contained more chlorophyll-a (Figure 3) , the real global emissions of isoprene and monoterpenes may be even greater than our results.
High concentrations of SOA tracers were found over the Arctic Ocean. Although massive phytoplankton under the Arctic sea ice 48 might emit large amount of isoprene and monoterpenes, this region was also significantly affected by surrounding continents ( Figure  S1g ). We cannot distinguish the influence of phytoplankton from . Due to the lack of higher plants, the massive isoprene SOA amount was not derived from Antarctic inland. Nevertheless, high chlorophyll-a concentrations (up to 30 mg/m 3 , Figure 3 ) indicated the existence of phytoplankton blooms 12 in the Prydz Bay during our sampling episodes. Phytoplankton blooms regularly occurred in the Antarctic pack ice zone 49, 50 might supply abundant isoprene. These concentrations of isoprene SOA were comparable to those of MSA, a major SOA species derived from the oxidation of DMS in the marine atmosphere, which was about 36-300 ng/m 3 (average value: 139 ng/m 3 ) over the Prydz Bay in austral summer 51 , and the peak value of MSA (,250 ng/m 3 ) around Antarctic during blooms reported by O'Dowd, et al. 52 . In addition, the maximum isoprene flux was even higher than the peak value of DMS (477 mg m 22 d
21
) around Antarctic 52 . This study suggested that, despite finite sea-air fluxes in normal conditions, oceanic emissions of isoprene are able to abruptly increase and become important sources of organic aerosols over oceans during phytoplankton blooms.
Methods
Total suspended particles (TSP) as well as field blanks were collected between East China Sea and the Arctic Ocean (33uN-85uN) during the CHINARE 08 cruise from July to September, 2008, and between East China Sea and Antarctica (26uN-69uS) during the CHINARE 09/10 cruise from November 2009 to April 2010. A high volume air sampler was placed on the upper-most deck of the icebreaker Xuelong, and TSP samples were collected by glassfiber filters which were prebaked at 450uC for 4 h. Each sampling lasted for 1-3 days, and the air volumes ranged from 372 to 2752 m 3 (at 0uC and 1 atm). Samples were then wrapped with aluminum foil, zipped in plastic bags, and stored in freezers at 220uC until analysis. Details of sampling information are listed in Table S2 in the supplementary materials. A punch (9 3 11.5 cm) of each filter was taken and analyzed for SOA tracers. Details of the analytical procedure was described elsewhere 27, 39 . Briefly, each sample was extracted by sonication with 30 mL of mixed solvent (dichloromethane:hexane 151, V/V) twice, and then extracted with another 30 mL of mixed solvent (dichloromethane:methanol 151, V/V) twice. Before extraction, levoglucosan-13 C 6 and lauricacid-D 23 were spiked as internal standards. Each extract of samples was combined, filtered and concentrated. Then each of the concentrated extracts was divided into two parts. One part was methylated and analyzed for three monoterpene SOA tracers (PNA, PA and MBTCA) by a gas chromatography-mass selective detector (GC-MSD). The other part was silylanized and analyzed for the other two monoterpene SOA tracers (HGA and HDMGA) and six isoprene SOA tracers (MTHB1, MTHB2, MTHB3, MGA, MTL1 and MTL2). PNA and PA were quantified by authentic standards. Owing to the lack of standard reagents, the other three monoterpene SOA tracers (MBTCA, HGA and HDMGA) were quantified using PA 27, 39 ; isoprene SOA tracers were all quantified using erythritol 1, 27 . For samples collected during the CHINARE 08, the MDLs were 0.011 ng/m 3 for PNA, 0.004 ng/m 3 for PA and 0.048 ng/m 3 for erythritol,calculated by three times of the standard deviation of field blanks under the average sampling volume of 1311 m 3 . For samples collected during the CHINARE 09/10, the MDLs were 0.008, 0.002 and 0.007 ng/m 3 for PNA, PA and erythritol, respectively, under the average volume of 2189 m 3 . Field blanks and laboratory blanks were extracted and analyzed in the same way as ambient samples. Recoveries of the target compounds in six spiked samples (authentic standards spiked into solvent with prebaked filters) were 104 6 2%, 68 6 13% and 62 6 14% for PNA, PA and erythritol, respectively. The relative differences for all target compounds in paired duplicate samples (n 5 6) were all ,15%. The results in this study were not recovery corrected.
Air mass BTs were calculated for the samples using HYSPLIT (HYbrid SingleParticle Lagrangian Integrated Trajectory) transport and dispersion model from the NOAA Air Resources Laboratory (http://www.arl.noaa.gov/ready/hysplit4.html). 5-day BTs for the start and end of each sampling episode were traced with 6 h steps at 100, 500, and 1000 m above sea level. Satellite maps of chlorophyll-a in the surface seawater were obtained by Moderate Resolution Imaging Spectroradiometer (MODIS) from NASA satellites (http://oceancolor.gsfc.nasa.gov). 
